Atopic dermatitis (AD) is a chronic inflammatory skin disease. Environmental and genetic factors, as well as microbial products from yeasts and bacteria, play a role in triggering the disease. A cohort of 619 adult patients with AD was screened for severity of AD, sensitization to Malassezia sympodialis, Candida albicans, Staphylococcus aureus enterotoxins and Dermatophagoides pteronyssinus. Serum levels of interleukin (IL)-18 were measured. Immunoglobulin E (IgE) sensitization to the combination of both yeast and mite antigens was found to be associated with more severe disease and higher levels of total IgE. AD patients with IgE sensitization to several microbial antigens had more severe disease than those with no IgE sensitization to microbial antigens. Sera from patients with IgE-associated AD showed higher levels of IL-18. Skin-associated microorganisms are exogenous factors triggering IgE-response and severity of AD. These findings are clinically important, and sensitization to these organisms should be assessed and considered in treatment strategies.
Atopic dermatitis (AD) is a relapsing chronic inflammatory skin disease characterized by severe pruritus, xerosis and typically distributed eczematous lesions, often seen in association with allergic rhinoconjunctivitis and asthma (1) . environmental and genetic factors are involved in the pathogenesis of Ad. individuals with Ad have an impaired epidermal barrier, with abnormalities in lipid synthesis, protease activity and protease inhibitors, along with elevated transepidermal water loss and a reduction in the thickness of the stratum corneum (2, 3) . Several genes associated with barrier structure and proteolytic regulatory mechanisms of the epidermis are associated with Ad and have a role in the aetiology of the skin barrier dysfunction (4) . the barrier dysfunction allows substances from the environment, such as products from microorganisms (Malassezia, Candida and Staphylococcus aureus), to penetrate into the skin. exogenous proteases facilitate breakdown of the epidermal barrier and provide enhanced access for toxins, allergens and antigens to the basal epidermal and the dermal portions of the skin, where interactions with keratinocytes, antigen-presenting cells and immune effector cells take place (2) . this all contributes to a chronic cutaneous inflammation and a complex immune response, involving both the adaptive and innate immune systems (5) (6) (7) . it is reported that Malassezia, Candida and S. aureus play important roles in triggering the disease (8) (9) (10) . Certain microbial products, such as S. aureus enterotoxins, are known to stimulate keratinocytes directly and mediate the release of proinflammatory cytokines (11) . Interleukin (il)-18 is a member of the il-1 family of cytokines and is thought to participate in AD skin inflammation (12) . moreover, serum il-18 levels are reported to be associated with allergic symptoms in children (13) . il-18 is a proinflammatory cytokine involved in T h 1 mediated responses, but also able to induce t h 2 cytokines and ige production (14) . epidermal and systemic il-18 are associated with Ad severity, and S. aureus colonization appears to be correlated with epidermal il-18 production in patients with AD (15, 16) The level of specific IgE antibodies to S. aureus antigens is reported to correlate with total ige levels and disease severity in patients with Ad (17) . moreover, Malassezia can induce specific IgE responses in Ad patients with head and neck dermatitis, which are rarely seen in other atopic patients (18) (19) (20) and sensitization to Candida allergens contributes to the pathogenesis of Ad (21) .
it is reasonable to assume that microbial products are potential triggers for the maintenance of the inflammatory process in Ad. it is therefore of importance to investigate the occurrence of specific IgE responses to microbial pathogens in the blood of patients with Ad, as a marker of colonization and penetration of the skin. the aims of the present study were: to investigate the clinical impact of sensitization to microorganisms among adult patients with Ad; and to investigate whether there were any differences in the systemic cytokine levels of il-18, a cytokine produced by keratinocytes, among patients with ige-associated vs. non-ige-associated eczema.
mAteriAlS And methodS

Study population
Adult (≥ 18 years) patients with AD who fulfilled the diagnostic criteria of Hanifin & Rajka (22) were included at the initial clinical visits to the dermatology clinic in lund, Skåne University hospital during the period 1998 to 2007. Subjects were screened for sensitization to skin-associated microbe antigens and aeroallergens, and characterized (table i, Fig. 1 ). the severity of the Ad was scored clinically, using a scoring system developed by Rajka & Langeland (23) , which is a practical system for global grading Ad based on engaged surface area, chronicity and sleep disturbance. Current or previous rhinoconjunctivitis and/or asthma, based on anamnestic information, were also registered. Ad patients who were not sensitized to the investigated antigens (n = 106) were used as a counterpart to the ige-associated group (n = 513), which was composed of subjects sensitized to skin-associated microbe antigens and/or aeroallergens ( Fig. 1 ). in the ige-associated group, a total of 386 patients had their Ad severity score recorded (table i, Fig. 2A and 3A ).
Skin prick test, total and specific IgE analysis and levels of cytokines
Skin prick test (SPt) to birch, timothy, mugwort, dog, cat, horse, cod, rye, wheat, shrimp, cow's milk, egg white, Dermatophagoides pteronyssinus, D. farinae, Alternaria alternata and Cladosporium herbarum (Alk-Albelló, hørsholm, denmark) was performed on the forearm of the patients. total serum ige levels and specific serum ige levels to M. sympodialis (m70), C. albicans (m5), D. pteronyssinus (d1), Staphylococcal enterotoxin A (SeA; m80), Staphylococcal enterotoxin B (SEB; m81) and Staphylococcal toxic shock syndrome toxin-1 (tSSt-1; rm226) were measured (immunoCAPtm system, Phadia AB, Uppsala, Sweden). Concentrations of serum il-18 were determined by human il-18 enzyme-linked immunoassay (eliSA) kit (Medical & Biological Laboratories Co. Ltd, Nagoya, Japan) and performed in accordance with the manufacturer's instructions in frozen serum samples, obtained at the initial visits. the study was approved by the local ethics committee of lund, participants gave informed consent to participate in the study, and the study was in accordance with the protocols of the declarations of helsinki.
Statistical analysis
Wilcoxon-mann-Whitney rank sum test was used to describe differences in the median values between two groups, with a p-value < 0.05 being considered significant. Fisher's test was used for comparison of categorical data. Spearman's rank-order correlation (r s ) was used to examine correlations between serum il-18 and total ige levels or specific serum ige levels to SEB. linear-by-linear (lBl) test was used for comparison of ordered groups. kruskal-Wallis (kW) test was used for multiple comparisons, and post-hoc comparisons were made by nemenyi-damico-Wolfe-dunn (ndWd) test. the statistical software used was r version 2.10.1 (24), and the package coin version 1.0-14 (25) for exact non-parametric tests.
reSUltS
Subject characteristics
Patients with ige-associated eczema scored higher in severity and exhibited higher total ige levels in comparison with patients with non-ige-associated Ad (p < 0.001) (Table I) . Moreover, statistically significant differences in gender and the frequency of other atopic manifestations (rhinoconjunctivitis and asthma) were found between the two groups (table i) .
Sensitization to yeast and mite antigens and relationship to severity and total serum IgE levels, in patients with IgE-associated atopic dermatitis
to further investigate the importance of sensitization to yeasts and mites in the ige-associated subset of patients with Ad, four groups were constructed, based on specific IgE-levels to C. albicans, M. sympodialis and D. pteronyssinus (herein used as a "reference allergen") ( Fig. 2 ). If the patient had serum-specific IgE ≥ 0.35 kU/l to either C. albicans or M. sympodialis antigens, and no sensitization to D. pteronyssinus antigen (< 0.35 kU/l), they were denoted as "sensitized to yeast antigen". thus, patients selected to the group denoted as "sensitized to mite antigen" had specific IgE ≥ 0.35 kU/l to D. pteronyssinus and no sensitization to C. albicans or M. sympodialis antigens (< 0.35 kU/l). the two groups of Ad patients with and without ige sensitization to both mite and yeast antigens are also shown ( Fig. 2) . When comparing the clinical severity of the Ad and the total ige level, the group of patients sensitized to the combination of both yeast and mite antigens exhibited a more severe disease (p < 0.001, kW and ndWd tests) in comparison with patients sensitized to mite antigen or subjects without sensitization to these two antigens ( Fig. 2A) . moreover, subjects with ige sensitization to yeast antigen, as well as the group with ige sensitization to the combination of yeast and mite antigens exhibited significantly higher total serum ige, in comparison with Ad patients without ige sensitization to these two antigens (p < 0.001, kW and ndWd tests) ( Fig. 2B ).
Impact of sensitization to several microbial antigens (yeast and S. aureus antigens) for eczema severity and total IgE in patients with IgEassociated atopic dermatitis
Subjects in the ige-associated group of patients with Ad were selected into groups depending on the number of microbial antigens to which the patient was sensitized (no sensitization to microbial antigens or sensitization to 1-5 antigens from M. sympodialis, C. albicans and S. aureus enterotoxins SeA, SeB or tSSt-1). the severity of Ad and the level of total ige increased with the number of microbial antigens to which the patients were sensitized (p < 0.001, in both lBl tests) ( Fig.  3) . to investigate whether a similar sensitization pattern as above could Subjects with "ige sensitization to yeast and mite antigens (Ag)" exhibited more severe eczema (p < 0.001, kruskal-Wallis (kW) and nemenyi-damico-Wolfe-dunn (ndWd)) in comparison to patients without ige sensitization to these antigens or those with ige sensitization to mite. (B) Ad patients with "ige sensitization to yeast Ag", as well as "ige sensitization to yeast and mite Ag" exhibited higher total serum ige (p = 0.001, kW and ndWd) compared with subjects in the group "no ige sensitization to mite and yeast Ag". Analyses were done among the subset of ige-associated Ad patients. Sensitization to yeast is classified as specific serum IgE ≥ 0.35 kU/l to malassezia or Candida or both. ***p < 0.001.
be observed for inhalant allergens, we analyzed data from patients with ige-associated Ad demonstrating positive or negative skin prick tests to pollen, dust mite and animal dander allergens as individual groups. no significant difference in AD severity was found with respect to the extent of sensitization to the tested aeroallergens. however, the level of total ige correlated with the number of aeroallergens to which the patients were sensitized (p < 0.001, n = 250, lBl test).
Serum levels of IL-18 in patients with atopic dermatitis
Serum il-18 levels were determined in randomly selected samples of patients in the ige-associated Ad group that presented total ige > 500 kU/l, allergic symptoms of rhinoconjunctivitis and asthma. As a counterpart, patients with non-ige-associated Ad (total ige < 100 kU/l, no asthmatic symptoms) were used for comparison. A significant difference was found in IL-18 levels between these two groups of patients ( Fig. 4 ). Furthermore, a correlation was found between serum il-18 level (median 413 pg/ml, range 168-1,471 pg/ml, n = 38) and serumspecific IgE levels to S. aureus enterotoxin B (median 0.43 kU/l, range 0-7.9 kU/l, n = 38) among patients in the ige-associated subset (r s = 0.42, p = 0.012, n = 38), and a correlation between total serum ige level (median 2835 kU/l, range 540-77,800 kU/l, n = 38) and serum il-18 level (r s = 0.37, p = 0.02, n = 38). diSCUSSion environmental allergens have been implicated as aggravating factors in Ad, especially in ige-associated (extrinsic) Ad (26) . microorganisms are reported to be involved in the pathogenesis of Ad, not only by modulating serum IgE levels, but also by influencing several disease susceptibility genes and interacting with the cutaneous innate immune response (8) . moreover, several studies have demonstrated the occurrence of ige sensitization to microbial antigens in Ad (27) (28) (29) . most of the patients in this study showed an ige-associated phenotype, and a minority had the type without allergen-specific AD (Table I) , which is often referred to as intrinsic Ad (30, 31) . the frequency of intrinsic AD in the literature is quite variable (31) , and the definition is not always consistent from author to author (30) .
Several factors, such as the methods used, definitions of Ad forms, and the design of a study may govern the reported distribution of intrinsic and extrinsic Ad (30, 32) . hence, the frequency of non-ige-associated and ige-associated Ad in this cohort study may differ from figures reported in epidemiological studies elsewhere. however, this separation of intrinsic and extrinsic Ad seems to be of importance because of the differences in the pathophysiology between them (30, 31) . it is therefore important also to include allergen-specific testing for microorganisms, as some patients may not be sensitized to food or aeroallergens detected by routine allergen panel tests, but may show reactivity to allergens derived from the yeast Malassezia (20, 32) . Allergen-specific IgE to yeasts in this study was assessed with the immunoCap tm assay using the m70 antigen (M. sympodialis) and m5 antigen (C. albicans). the m70 antigen was earlier linked to Pityrosporum orbiculare, then, after taxonomic revision, altered to M. furfur, and more recently, after development of new methods based on culture and molecular biology, found to represent antigens from M. sympodialis (33) . however, ige reactivity to other Malassezia species may be overlooked if only m70 is assessed (34) .
Approximately 50% of subjects with ige-associated Ad in this study were sensitized to M. sympodialis or C. albicans antigens and 25% to SeB (table i) . Furthermore, subjects with sensitization to the combination of both yeast and mite antigens showed significantly higher total ige levels and a more severe disease in comparison with subjects without sensitization to these two antigens (Fig. 2) . D. pteronyssinus antigen, in this study, is used as a "reference allergen", because it is thought to be one of the major allergens contributing to Ad (35, 36) . however, our results indicate that yeast antigens are also of crucial importance. these results could be explained by the fact that yeasts are continuously present in the stratum corneum and outer parts of the sebaceous glands, while the skin is exposed to mites more superficially, mainly whilst in bed at night. Furthermore, the contribution of mites in various study populations may depend on the climate, e.g. latitude and relative humidity. in contrast to the results for ige sensitization to microbial allergens, Fig. 4 . Serum interleukin (il)-18 levels in patients with atopic dermatitis (Ad) with ige-associated disease (subjects with total ige of > 500 kU/l, allergic symptoms of rhinoconjunctivitis and asthma) in comparison with patients with non-ige-associated Ad (Ad patients with total ige of < 100 kU/l and no asthmatic symptoms). data were analysed using kruskal-Wallis test and nemenyi-damico-Wolfe-dunn post-hoc test. **p < 0.01 and ***p < 0.001. NS: not significant.
we were not able to show that reactivity to an increasing number of airborne allergens affects disease severity. nevertheless, it is notable that the level of total ige correlated with increasing skin prick test positive reactions to aeroallergens (pollen, animal dander and dust mite). Airborne allergens, such as antigens from dust mite, are additional factors predisposing to allergic diseases, and a common pattern in atopic patients seems to be reactivity to many allergens (21) . Sensitization to Candida allergens in Ad has been related to positive nasopharyngeal and gastrointestinal cultures (10) , but Candida may also colonize the skin in Ad (37) . thus, sensitization to Candida via the epidermis is a possibility, supported by studies showing that sensitization to Candida is more related to Ad than to respiratory allergic diseases (21) . in accordance with results presented elsewhere (38) , our results demonstrate that sensitization to both yeasts and mites leads to even higher total ige levels, as well as more severe disease (Fig. 2) .
Patients with Ad may have a constitutionally dysfunctional skin barrier, an altered cytokine profile, and defects in the innate immunity (5, 39, 40) . this facilitates microbial colonization of the skin, resulting in high frequencies of infection, aggravation of skin inflammation, and more pronounced impairment of the skin barrier. toxins and surface antigens from microorganisms will then penetrate this impaired barrier more easily and sensitization may occur. this may retain the immunologically active cells in the skin and perpetuate of the eczema. The high serum levels of specific IgE to microbial antigens in patients with Ad probably reflect the extent of damage to the epidermal barrier, which allows allergens to penetrate and gain access to the adaptive immune system. moreover, it is reported that self-antigens contribute to the exacerbation of Ad and that cross-reactivity of environmental allergens, such as allergens from Malassezia, with structurally related self-antigens may play a role in auto-reactivity in subsets of patients with Ad (41, 42) . obviously, we present no direct proof that sensitization to microbial antigens underlies the pathogenesis of severe Ad, and it is possible that the observed specific IgE to microbial allergens may merely be an epiphenomenon of severe Ad. the direct causative roles need further investigation. nevertheless, the results presented here indicate that sensitization to microbial antigens is of clinical importance, and this conclusion is compatible with results presented elsewhere (6, 27, 38) .
in several open, controlled studies, both topical and systemic antifungal treatment have been used to reduce the severity of skin symptoms of yeast-sensitized Ad patients, especially patients with head and neck dermatitis. Unfortunately, treatment studies have been relatively short-term and have not fully taken into consideration that the aim of antifungal treatment is not primarily to cure an infection but to reduce the colonization. thus, in the early phase of treatment, disruption of the yeast cells will cause a release of fungal antigens, which may up-load antigen-presenting cells and pathogenrecognition receptors and facilitate both the adaptive immune response and non-specific skin inflammation. therefore it seems reasonable that antifungal treatment has a delayed impact on serum IgE and yeast-specific ige levels with no change after one month, but a significant reduction in IgE levels after three months (43) . however, clinical improvement may be observed before a decrease in the laboratory parameters (44, 45) . longterm systemic antifungal treatment has been successful in selected patients with chronic severe Ad (46) and is advocated in recalcitrant Ad in Malassezia-sensitized patients (47) . our results clearly indicate that microbial sensitization should be analysed in order selectively to reduce the continuous burden of microbial allergens penetrating the disrupted skin barrier.
il-18 may be of importance in infection-associated murine models of Ad, and il-18 is secreted from murine keratinocytes in response to Protein A from S. aureus (48, 49) . the chronic stage of Ad is characterized by production of il-12 and il-18 (40) . in this study we found higher serum levels of il-18 in a subset of patients with ige-associated Ad, in comparison with patients with nonige-associated disease (Fig. 4) . it is of interest that human keratinocytes produce il-18 (50) and il-18 is secreted from dendritic cells upon stimulation by Malassezia (51) . moreover, associations have been reported between high levels of il-18 in serum and stratum corneum, severity of Ad, and skin colonization by S. aureus in patients with Ad (15, 16, 52) . in our material we found a correlation between the serum IL-18 level and the serum-specific ige levels to S. aureus enterotoxin B. this has to be further investigated in a larger patient group, but may be an additional indication of the importance of microbial antigens in the pathogenesis of Ad.
in conclusion, we have demonstrated the occurrence of microbial sensitization in severe Ad, which calls for new and more detailed treatment strategies. these strategies should be based on monitoring sensitization to all antigens, including mites and microbes (Malassezia, Candida and S. aureus). through the reduction or elimination of microbial trigger factors at the skin surface, in combination with anti-inflammatory and barrier-repair therapy, it may be possible to decrease the immune and inflammatory response and considerably improve the clinical course of Ad. 
